Background: Swallowing inefficiency is a prevalent but understudied problem in in-
| INTRODUC TI ON
Dysphagia, or swallowing impairment, is a serious consequence of bulbar disease in Amyotrophic Lateral Sclerosis (ALS) and manifests with functional impairments in both swallowing safety and efficiency. [1] [2] [3] Swallowing inefficiency (ie, the presence of postswallow pharyngeal residue and/or the need to take multiple swallows per bolus) is particularly challenging for individuals with ALS, leading to prolonged mealtimes, mealtime fatigue, and reduced quality of life. 4, 5 Still, it remains unclear which physiological mechanisms contribute to impaired swallowing efficiency in this complex patient population. Furthermore, in individuals with ALS, postswallow pharyngeal residue has been identified as an independent risk for subsequent aspiration events [6] [7] [8] and is linked to the development of malnutrition [9] [10] [11] that is noted to increase the risk of death by 7.7 times. 12 Despite these concerns, the majority of ALS dysphagia research has focused on studying swallowing safety with only 29.9% of published literature on dysphagia in ALS addressing problems with swallowing efficiency. 1 In order to identify treatments with the potential to improve swallowing efficiency, it is first important to identify the pathophysiological mechanisms behind inefficiency.
Potential mechanisms of impaired swallowing efficiency in ALS
can be posited based on findings from manometry data in ALS that document decreased pharyngeal pressures, reduced base of tongue contact to the posterior pharyngeal wall, and overall reduced pharyngeal motility during swallowing. bolus transit times in patients with bulbar ALS. 18 Using combined manometry and videofluoroscopy, Goeleven and colleagues reported converging evidence of low tongue driving force and reduced pharyngeal contraction amplitudes during swallowing, and noted cooccurrence of these impairments and the presence of postswallow pharyngeal residue. 6 Therefore, physiological impairments in pharyngeal pressure generation have been postulated as mechanisms contributing to swallow inefficiency, thus leading to postswallow residue in patients with ALS.
Reduced pharyngeal strength and constriction have been implicated as factors contributing to the presence of pharyngeal residue in other clinical populations of individuals with dysphagia. [19] [20] [21] [22] [23] Research quantifying pharyngeal area during swallowing, using two-dimensional (2-D) lateral videofluoroscopy in individuals with dysphagia following stroke, identified associations between larger (ie, less constricted) measures of pharyngeal area at the point of maximum constriction and the amount of postswallow residue.
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Despite the inherent limitations of using a 2-D measurement to make inferences about three-dimensional (3-D) anatomical regions, the validity of this analysis method is supported by previous work. due to increased bolus weight and/or an inability for the swallowing mechanism to adapt to such bolus properties.
In terms of residue, we hypothesized that larger and thicker boluses would be associated with increased postswallow residue and number of swallows required to clear the bolus, 29, 30 and finally, that the amount of postswallow residue and the number of swallows needed per bolus would be greater (ie, less efficient)
for individuals with larger pharyngeal constriction area (ie, less constricted).
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Key Points
• Swallowing inefficiency is a common problem for individuals with ALS, characterized by an increased number of swallows per bolus and postswallow pharyngeal residue.
• In this study, reduced pharyngeal constriction was associated with swallow inefficiency in patients with ALS.
Pudding-thick boluses were also associated with increased residue in the valleculae.
• These results add to a limited dataset exploring mechanisms of dysphagia in ALS. By understanding such physiological changes, future research can explore ways to modulate and compensate for subsequent impairment. 19 videos from the current analysis (ie, 27% of the dataset). Any differences in frame selection which exceeded >5 frames were reviewed and resolved through consensus with a third rater. For cases where the difference between two raters was ≤5 frames, the later frame between the two was selected as the final tracing frame. Once agreement was achieved on frame selection, pixelbased measures of pharyngeal constriction area and postswallow residue were taken.
| MATERIAL S AND ME THODS

| Data collection and processing
| Videofluoroscopic rating
| Identification of events
| Pixel-based tracing
Pharyngeal area was traced (in pixels) at the previously identified Maximum Pharyngeal Constriction Frame, following the procedure outlined by Stokely et al. 24 The total number of pixels meas- For each bolus trial, we recorded the total number of swallows as well as MPCA N , NRRSv, and NRRSp following the first swallow. All ratings were completed for 3 mL thin, 20 mL thin, and 3 mL pudding bolus trials, yielding up to 78 bolus trials. However, n = 7 bolus trials were not available or excluded for the following tasks: 1 mL thin (n = 1), 20 mL thin (n = 5), 3 mL pudding (n = 1), adjusting the total n = 71 bolus trials for analysis.
| Statistical analysis
To characterize pharyngeal constriction and swallow efficiency in this sample, we calculated the group mean and 95% confidence intervals (CI) for MPCA N , NRRSv, and NRRSp, and average number of swallows for each bolus task. NRRSv and NRRSp scores were compared against published thresholds 34 to calculate the proportion of the sample with clinically significant residue.
MPCA N values obtained for the 3 mL thin task were compared against normative reference data (based on a 5 mL thin liquid barium task) 24 using independent samples' t tests. Spearman's correlations were used to illustrate associations between metrics of disease severity (ie, months since initial symptom, ALSFRS-R total and bulbar subscores) and average MPCA N NRRSv and NRRSp
values.
To explore associations between pharyngeal area and the total number of swallows per bolus, we tested mean differences in MPCA N using Mann-Whitney U tests for each bolus type, comparing trials with only 1-2 swallows to trials with three or more swallows. To investigate relationships between pharyngeal constriction and postswallow residue, we ran linear mixed models between MPCA N and pharyngeal residue at each anatomical site (NRRSv, NRRSp), with an added factor of bolus type (ie, 3 mL thin, 20 mL thin, 3 mL pudding). The direction and magnitude of significant associations were illustrated using Spearman's correlations. All statistical analyses were completed using IBM spss Statistics version 24, with statistical significance set at P < 0.05. A Bonferroni correction was applied for repeated (3) Mann-Whitney U tests (ie, P < 0.05/3 = 0.016).
| RE SULTS
| Interrater reliability
For frame selection, we calculated the proportion of videos rated in duplicate which exceeded the a priori agreement threshold (>5 frames). For the frame of maximum pharyngeal constriction, all ratings fell within the five-frame threshold; therefore, none of the videos required secondary review through consensus for Maximum
Pharyngeal Constriction Frame selection. For Swallow Rest Frame, 27% of all n = 197 swallows rated in duplicate exceeded the a priori agreement threshold, requiring resolution through consensus.
Interrater reliability for pixel-based measures was evaluated using
Intraclass Correlation coefficients (two-way fixed, consistency). The
ICCs for pixel-based videofluoroscopy measures were good-to-ex- 
| Swallowing efficiency and pharyngeal constriction profiles
Descriptive statistics for all obtained measures are summarized in Table 1 . Pairwise comparisons illustrated larger pharyngeal constriction area (ie, less constriction) with the larger 20 mL thin liquid task and greater vallecular residue with the pudding-thick bolus.
| Exploration of relationship between pharyngeal constriction and swallow efficiency
Results of the Mann-Whitney U tests revealed that 6, [13] [14] [15] 18 Our data suggest that the degree to which pharyngeal constriction is reduced is more pro- to 3 mL thin boluses), while no differences in MPCA N were observed when comparing 3 mL thin and 3 mL pudding-thick boluses. 
| D ISCUSS I ON
| Limitations
There are several limitations to this study. First, it is possible that the degrees of association we have illustrated are inflated due to small sample size and a limited range of disease severity. Future studies with larger sample size and/or additional observations per participant are needed to fully explore these correlations. Furthermore, for the purpose of this preliminary study, we stratified by ALS onsettype when exploring differences in pharyngeal constriction. This poses an important limitation, as many patients with spinal-onset ALS also experience a decline in bulbar function; 17, 49 this was true to a varying degree for at least 11/17 of the spinal-onset patients included in this study, based on available ALSFRS-R bulbar subscores.
Unfortunately, due to the retrospective nature of this analysis, further details describing the bulbar involvement in this sample are limited. In an effort to normalize the degree of bulbar involvement across both onset types, future work investigating swallowing physiology in ALS may consider using the duration of bulbar symptoms 17 or articulatory/speaking rates 49 to characterize the study sample in greater detail.
Previous work has described piecemeal swallowing as a common behavior in patients with ALS. 3, 6, 15, 50 Ertekin and colleagues, and others, have reported on the clinical utility of repeated swallows to detect the presence of dysphagia (eg, dysphagia limit: the volume of liquid >20 mL which evokes repeated swallows). [50] [51] [52] [53] In the current study, we frequently observed repeated swallows per bolus, even for small 1 mL and 3 mL volumes. In 55% of all bolus trials, repeated swallows were piecemeal swallows (ie, the bolus was divided into smaller volumes in the oral cavity, and each division was swallowed separately). As our results indicated that an influence of bolus volume on measures of pharyngeal area and bolus volume effects have also been reported on other kinematic variables (eg, hyolaryngeal movement), published elsewhere; [54] [55] [56] an important consideration and potential limitation may exist when it comes to the amount swallowed during each piecemeal swallow. It would be difficult to account for variability related to the volume of bolus swallowed when it is piecemealed into smaller (unknown) amounts. By reporting results following only the first swallow per bolus, we aimed to minimize the influence of variability seen in later swallows, with presumably smaller bolus volumes.
Furthermore, the proportion of boluses which required piecemeal or multiple swallows was not significantly different by task, leading us to infer that piecemeal swallowing did not influence the overall findings we reported.
For this study, we maintained a narrow focus to explore the specific role of pharyngeal constriction on swallowing efficiency. This decision was made based on previous descriptive links described in ALS dysphagia research 6 and findings from other clinical populations. 24 Such a discrete focus does pose some inherent limitations. 
| Future research
Although this analysis points to pharyngeal constriction as a key mechanism contributing to the accumulation of postswallow residue and to overall swallow inefficiency in ALS, it does not present a perfect correlation, suggesting that other parameters are also involved and further research is needed. Additional factors that may be involved include function of the upper esophageal sphincter (ie, timeliness and degree of relaxation, maximum distension) and bolus properties such as cohesiveness or stickiness. 
| CON CLUS IONS
Swallowing inefficiency is a common concern for individuals with ALS. Results from this preliminary work indicate that impaired pharyngeal constriction is one mechanism associated with impaired swallowing efficiency in ALS, across selected bolus volumes and consistencies. These data support the assumption that reduced pharyngeal constriction contributes to the presence of postswallow residue and is a key parameter in the pathophysiology of dysphagia in ALS. Future work is needed to explore these relationships in greater detail, across a wider range of bolus textures, considering additional physiological mechanisms which may also affect swallowing efficiency. Longitudinal research studies will also be beneficial to elucidate how these observations change throughout ALS disease progression.
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